Two methionine transfer RNA (tRNA) genes were identified in the maize mitochondrial genomne by nucleotide sequence analysis. One tRNA gene was similar in nucleotide sequence and secondary structure to the initiator methionine tRNA genes of eubacteria and higher plant chloroplast genomes. This tRNA gene also had extensive nucleotide homology (99%) with an initiator methionine tRNA gene described for the wheat mitochondrial genome. The other methionine tRNA gene sequence was distinct and more closely resembled an elongator methionine tRNA. 
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The mitochondria of eukaryotic cells have a semiautonomous protein synthesizing system which depends on rRNAs and tRNAs encoded by mitochondrial genes. In mammalian systems (human [1] , mouse [5] , and bovine [2] ) the nucleotide sequence of the entire mitochondrial genome has been determined permitting identification of two rRNA genes and 22 tRNA genes. The nucleotide sequence, predicted secondary structure and number of mammalian mitochondrial tRNAs are distinct from eubacterial or nuclear-encoded tRNAs. The limited number of tRNA genes in mitochondria results from an expanded codon usage in which some tRNAs are able to read additional codons (4) . The mitochondrial genome of maize is considerably more complex than the mammalian mitochondrial genome and its organization is not well understood. Three maize mitochondrial genes encoding 5S, 18S, and 26S rRNAs have been identified and characterized; these genes appear more closely related to eubacterial rRNA genes than are their mammalian counterparts (9, 10, 12 (6) . The various plasmid DNAs were digested with the restriction enzyme EcoRI and the DNA fragments separated by gel electrophoresis on 1.5% agarose gels. The DNA fragments were transferred to nitrocellulose (27) (13) . The DNA was eluted from the paper in a high salt buffer and concentrated by precipitation with 95% ethanol. The purified fragment was then digested with either PstI, Xba I, TaqI, or Sau3AI and the resulting fragments were ligated into the appropriate M 13 bacteriophage vector as described by Messing et al. (22) .
Plaques were screened by hybridization and DNA was isolated and its sequence determined (25) .
RESULTS
Fifty-four colonies of the EcoRI maize mitochondrial library hybridized with the 32P-labeled maize mitochondrial tRNA probe. Of these original 54 colonies, 12 contained unique fragments based on restriction enzyme analysis. These 12 contained nucleotide sequence(s) which hybridized with the end-labeled tRNA probes and lacked sequence homology with ribosomal RNA gene probes. Hybridization results were the same when either the 5' or 3' end-labeled tRNA was used as the probe.
Two of these 12 recombinant DNA molecules, clones pDE-1 and pDE-4, were selected based on small insert size. DNA sequences were determined, 1759 nucleotides in pDE-1 and 1312 nucleotides in pDE-4.2 Nucleotide sequences which could be folded into a cloverleaf secondary structure, characteristic of a tRNA, were identified (Fig. 1) . Clone pDE-l contained a nucleo- 2Nucleotide sequences of pDE4I and pDE4 can be obtained from C.
S.
Levings III, Department of Genetics, NorthCarolinaStateUniversity, tide sequence for a putative methionine tRNA gene, which was 74 nucleotides in length and contained the anticodon -C-A-T-. Clone pDE-4 also contained a nucleotide sequence for a methionine tRNA gene, also of 74 nucleotides and possessing the anticodon -C-A-T-. However, the latter sequence was distinct from the methionine tRNA gene found in pDE-l. The 3' terminal nucleotides -C-C-A-OH, characteristic of all tRNAs, were not encoded in these two gene sequences. Intervening sequences were not evident in the DNA sequence of these two tRNA genes.
These two tRNA gene sequences were compared to the nucleotide sequences of methionine tRNAs and methionine tRNA genes described for other organisms and other mitochondrial systems (28, 29) . Comparison involved examining the particular stems and loops ofeach tRNA for common nucleotide sequences (Table I ). The methionine tRNA gene of pDE-4 displayed homology with initiator methionine tRNAs from other organisms. Sequence homology of the maize initiator methionine tRNA gene was 71% with eubacterial and chloroplast genes, 61% with fungal mitochondrial initiators, and 52% with mammalian mitochondrial methionine genes. This tRNA differed by only one base from the methionine tRNA gene recently described for wheat mitochondria (15) . The methionine tRNA sequence contained in pDE-1 shared sequence homology with the elongator methionine tRNA found in other organisms. These homologies were less than those of the initiator, ranging from 61% with one of the Aspergillus elongators, to 41% with chloroplast elongator genes. The nucleotide sequences of both methionine tRNA genes reported here are different from the methionine tRNA gene recently described for the maize chloroplast genome (30) .
DISCUSSION
The two maize mitochondrial methionine tRNA genes are similar to eubacterial tRNAs. This is in contrast to the structure that has been proposed for a number of tRNAs found in various mammalian mitochondrial systems, where differences in standard loop sizes and conserved nucleotides have been demonstrated (1, 2, 5, 31) .
The primary sequence of the putative initiator methionine tRNA gene and its predicted secondary structure share a number of characteristics with eubacterial initiator methionine tRNAs ( Fig. lA; Table I ). Identification of this sequence as an initiator methionine tRNA gene is based on its greater homology with other initiator tRNAs than with elongator methionine sequences. The number of nucleotides that comprise the various loops and stems of the tRNA structure is identical to that found in eubacteria. Also, nucleotides at positions 1 and 73, located at the terminal ends of the aminoacyl stem, are not base paired. This characteristic is believed to contribute to the inability of the initiator tRNA to bind the elongation factor, Tu, during translation (26) . The high percentage of guanidine-cytosine base pairs in the aminoacyl stem is also characteristic of initiator tRNAs (16) . The primary sequence and secondary structure of the initiator methionine tRNA gene recently described for the wheat mitochondrial system display 99% homology with this maize methionine tRNA. The only nucleotide change is the substitution of a guanidine for an adenosine at position 22. This is unusual, since an adenosine residue in this position is conserved in most tRNA sequences. The maize mitochondrial initiator methionine tRNA sequence differs in some respects from eubacterial methionine initiator tRNAs. The D stem has unpaired guanidine and adenosine at positions 13 and 23, whereas in a eubacterial initiator tRNA, the adenosine is replaced by a cytosine resulting in a guanidine-cytosine base pair. In the D loop, a guanidine replaces an adenosine at position 22(16 STEM   TA 6A66 MTT 66TC6 ACTC A TCA66 CTCATM CCT6A MACT 6CM6 TTC6MT CCT6T CMCCCT  TA 6M MU 66T6 AAC 6 TACC6 CTCATM C6676 ATATT 6TA6 UC6T 6 CCTAC TMCCCA   T6  T6  TA  T6  T6  TA  TA  TA   TA  TA  TA  TA  TA  TA  TA   6A6C   6AMC   TT6T  AT6T  AT6T  6A66  GA6C tRNA only has two such guanidine-cytosine nucleotide pairs. This is similar to the sequence and structure of fungal and wheat mitochondrial methionine initiator tRNAs (8, 15, 18, 19) . In the wheat mitochondrial genome, the initiator methionine tRNA gene is proximal to the 5' terminus of the 18S ribosomal RNA gene with a single nucleotide separating the two genes (15) . The genomic location ofthe initiator methionine tRNA in maize mitochondria has not been elucidated. However, the nucleotide sequences flanking the methionine tRNA (unpublished data) and the 18S ribosomal genes (10) have been determined and the results suggest a minimum of 500 nucleotides must separate these two genes. Therefore, the precise genomic location of the initiator methionine tRNAs is not conserved in these grasses.
The putative elongator methionine tRNA gene from the maize mitochondrial genome shares sequence and structural similarities with elongator methionine tRNAs from other organisms (Fig.  1.) . Among these similarities are (a) guanidine-cytosine pairing at the terminus of the aminoacyl stem, with A-U pairing at the base, and (b) a pyrimidine at position 11 pairing with a purine at position 25 (16) . In addition, the elongator sequence and structure do not exhibit several characteristics common to initiator sequences. The terminal bases of the aminoacyl stem are guanidine-cytosine paired, and the remainder of the stem lacks the strong guanidine-cytosine pairing typical of eubacterial initiator tRNA sequences. Other deviations occur in (a) the D-stem, where the usual sequence GAG (positions 10-12) is GTT; (b) the anticodon stem where a G-T pair in position [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] replaces the usual Watson-Crick base pair; and (c) the T-loop, where a C replaces the T normally found in position 61 (16) . This maize tRNA gene displays maximum nucleotide homology (61 %) with one of the two elongator methionine tRNA genes described for Aspergillus nidulans (19) ( Table I) . The maize mitochondrial genome may be similar to Aspergillus where more than one isoaccepting methionine elongator tRNA species may exist.
The presence of these tRNA genes complements the findings of Chao et al. (9) who suggest by analysis of rRNA genes that the genome of maize mitochondria is more closely related to eubacteria than are the mitochondria of yeast or mammals.
The presence of two genes coding for methionine tRNA has implications on the potential number of tRNAs in the maize mitochondrial genome. Although Aujame and Freeman (3) show the presence of both formylated and nonformylated methionine tRNAs, DNA sequence determinations of several complete mammalian mitochondrial genomes (human [1] , mouse [5] , bovine [2] ) reveal only one identifiable methionine tRNA gene. This can possibly be explained by a posttranscriptional -modification of a single gene product. This is in contrast to the distinct methionine initiator and elongator tRNA genes found in fungal mitochondrial genomes (yeast and Aspergillus) and in bacteria.
In the mammalian systems, 22 tRNAs have been identified (1, 2, 5) while 23 tRNA genes have been described for the Neurospora mitochondrial genome (18) and 24 for the yeast (8) and Aspergillus (19, 23) mitochondrial genomes. These systems require less than the 32 tRNAs found in bacteria and predicted by the 'Wobble Rules' of Crick (1 1). It remains to be determined how many tRNA genes will be found in the maize mitochondrial genome. However, in view of(a) the large mitochondrial genome size (20) 
